) is a secretory extracellular matrix protein that has been implicated in cancerassociated mechanisms such as metastasis, invasion and angiogenesis. Three OPN isoforms (OPN-a, -b and -c) derived from alternative splicing are known to exist, but their functional specificity remains unclear. Here, we found that the expression profile of OPN isoforms in hepatocellular carcinoma (HCC) cell lines and patient tissues were correlated with specific cellular phenotypes and tumorigenicity of HCC. Thus, SK-Hep1 cells with a robust migratory capacity dominantly expressed both OPN-a and -b, but non-migratory cell lines such as Hep3B and PLC/PRF/5 mainly expressed OPN-c. Moreover, tumor tissues predominantly expressed OPN-a and -b, whereas normal liver tissues mainly expressed OPN-c. Transwell infiltration and wound-induced migration assays revealed that both OPN-a and -b induced Hep3B cell migration, while OPN-c had no significant effects. By contrast, OPN-c suppressed the migratory activity of SK-Hep1 cells although no significant changes were induced by OPN-a. Consistently, OPN isoforms differentially activated migrationassociated signaling pathways such that OPN-a and -b increased the expression of urokinase type plasminogen activator and the phosphorylation of p42/p44 MAP kinase, but these pathways were not activated by OPN-c. Thus, the findings of the present study suggest that OPN splice variants differentially couple to signaling pathways to modulate the migratory property of HCC cells and that this is one of the mechanisms underlying the pathological heterogeneity of HCC progression.
Introduction
Osteopontin (OPN) is a secretory extracellular matrix glycoprotein which was first identified in bone tissue as a major sialoprotein to modulate bone formation and remodeling (1) . They are expressed in cancer tissues as well, and are involved in various metastasis-associated mechanisms including proliferation, survival, adhesion, migration, invasion and angiogenesis (2, 3) .
The functional diversity of OPN has been explained at the level of post-translational modification such as phosphorylation, glycosylation, sulfation, enzymatic cleavage and protein crosslinking, causing OPN proteins to differentially bind to seven types of integrins and specific splice variants of CD44 (2, 4) . For example, the activation of ·v/ß3 integrin receptor by OPN increases the c-Src-mediated phosphorylation of EGFR, activating phosphatidylinositol 3-kinase (PI3K)-dependent Akt and mitogen-activated protein kinase kinase 1 (MEK1)-dependent ERK1/2 pathways (5-7). In contrast, the binding of OPN to CD44 receptors activates the PLC-Á-dependent Akt pathway (8, 9) .
Another mechanism underlying the functional diversity of OPN is the existence of splice variants (a, b, c) that have different domain structures: OPN-b lacks the exon 5 from OPN-a, which contains multiple phosphorylation sites, while OPN-c lacks the exon 4 from OPN-a, which contains the transglutaminase domain to induce the polymerization of OPN proteins (10, 11) . Recently, functional specificity of OPN isoforms has been highlighted; for example, OPN-c is more potent than OPN-a in increasing the anchorage-independence of breast cancer cells (12) , and more sensitive to MMP-9-dependent cleavage to generate the OPN-5 kDa fragment that increases the invasion of hepatocellular carcinoma (HCC) cells (13) . However, the functional difference among the three OPN-isoforms has not been extensively studied under the same experimental paradigm.
In the present study, we investigated the effect of three splice variants of OPN proteins on the phenotype of HCC cells and found that different OPN isoforms can differentially modulate the migratory activity of HCC cell lines probably by differentially activating signaling pathways involved in tumor metastasis.
Materials and methods
Cell culture. HCC cell lines (ATCC, USA) were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (WelGene, Korea) and penicillin/streptomycin (100 units/ml and 100 μg/ml each) (Gibco, Invitrogen, USA), and maintained at 37˚C in a humidified atmosphere of 5% CO 2 . For analysis of secreted proteins, HCC cells were treated with serum-free DMEM for 24 h. HCC cells stably overexpressing OPN were cultured to 80% confluence before the serum-free medium treatment. HCC cells transiently transfected with OPN expression vectors were grown for an additional 24 h in fresh 10% FBS containing DMEM and then changed to serum-free DMEM.
Human tissue samples. Eleven surgically resected HCCs, 4 adjacent non-tumor tissues and 3 normal liver samples obtained from the surgical pathology files of the Catholic University of Korea College of Medicine (CUKCM, Seoul, Korea) were analyzed. All sampling was approved by the Institutional Review Board of CUKCM, and the appropriate consent was obtained. 5 ) were transfected with 0.5 μg of OPN-encoding plasmid DNA using the Lipofectamine Plus Reagent. Clones expressing each isoform of OPN were selected with G418 (600-1100 μg/ml) for 4 weeks to obtain stable mixed populations.
Plasmids. OPN isoform vectors cloned in pCNS-
Western immunoblotting. Cells were harvested in 5X SDS sample buffer [60 mM Tris-HCl (pH 6.8), 25% glycerol, 2% SDS, 14.4 mM 2-mercaptoethanol, 0.1% bromophenol blue]. Total proteins were resolved in 8-12% SDS-PAGE gels and specifically detected with anti-OPN (10A16, IBL, Japan), anti-ERK1/2, p-ERK (Cell Signaling Technology, USA) and anti-ß-actin (Sigma, USA) antibodies. The bands were visualized with the ECL Plus System (Amersham Pharmacia Biotech, USA). For secreted proteins, serum-free DMEM was centrifuged at 600 x g for 5 min to remove cellular debris, and the supernatant was concentrated 50-fold by trichloroacetic acid (TCA) precipitation. The precipitated proteins were dissolved with 2X SDS sample buffer and analyzed in SDS-PAGE gels.
Reverse transcription and polymerase chain reaction (RT-PCR).
Total RNA was extracted from HCC cell lines and liver tissues using Trizol reagent (Invitrogen) and RNeasy column (Qiagen GmbH, Germany), respectively, according to the manufacturer's instructions. Total RNA (5 μg) was reverse transcribed using MMLV Reverse Transcriptase (Fermentas, Canada). Total OPN transcripts were detected with PCR primer pair: 5'-CCCTTCCAAGTAAGTCCAACGAAAGC-3' (forward) and 5'-CTGGATGTCAGGTCTGCGAAACTTC-3' (reverse). A 30-cycle PCR was performed at a 58˚C annealing temperature. Individual OPN isoforms were detected with PCR primer pair: 5'-CATCACCTGTGCCATACCAG-3' (forward) and 5'-GTCAATGGAGTCCTGGCTGT-3' (reverse). A 35-cycle PCR was performed at a 50˚C annealing temperature. OPN isoform PCR products were separated in 1.2% agarose gel at a resolution of 20-1000 bp (SeaMatrix; GenoSapiens, Korea). The PCR product was purified from the gel slice using an elution kit (Geneclean ® Turbo, MP Biomedicals, LLC). ß-actin was amplified by primers: 5'-CA AGAGATGGCCACGGCTGCT-3' (forward) and 5'-TCC TTCTGCATCCTGTCGGCA-3' (reverse). A 19-cycle PCR was performed at a 60˚C annealing temperature. The urokinase type plasminogen activator (uPA) expression level was determined by primers 5'-TCACCACCAAAATGCT GTGT-3' (forward) and 5'-AGGCCATTCTCTTCCTTGGT-3' (reverse). A 33-cycle PCR was performed at a 53˚C annealing temperature. Each of the PCR products representing three splice variants was isolated and confirmed by sequencing analysis.
ELISA assay for OPN secretion. A quantity of OPN isoforms secreted by stable clones was analyzed with the Human Osteopontin Assay Kit (IBL, Japan) according to the manufacturer's instructions. Values at 450 nm were read, and average counts were calculated.
Colony forming assay. Autoclaved 1% gum agar (Sigma) was warmed to 55˚C in a drying oven. Each well of a 6-well plate was filled with 2 ml of 1% agar in DMEM supplemented with 10% FBS and solidified at room temperature for 1 h. Hep3B cells (5x10 4 ) were mixed with 0.7% soft agar and spread onto the hardened bottom agar. Then cells were cultured at 37˚C in a humidified CO 2 incubator. Culture media were changed every 3 days, and after 3 weeks, colony forming was photographed at x100 or x250 magnification.
Scratch wound migration assay. For the migration assay, a monolayer culture of Hep3B cells grown to 80% confluence was wounded with a 2 mm-wide yellow tip and then incubated in fresh DMEM supplemented with 10% FBS. After 65 h, cell migration was photographed at x100 magnification.
Transwell migration assay.
To the outer wells of the transwell insert of a migration plate (8-μm pore size, Corning Costar, #3422), 10 μl of 125 μg/ml hFN (human fibronectin; BD Biosciences) was added and dried for 1 h at room temperature. Hep3B cells (5x10 4 /well) stably expressing control or an OPN isoform were prepared by washing once with serum-free DMEM and once with 0.1% BSA containing DMEM and resuspended in DMEM with 0.1% FBS. Cells were applied to the inner wells of the coated insert and incubated at 37˚C in a humidified 5% CO 2 incubator. After 17-24 h, the insert was removed from the well and carefully decanted to remove media from upper wells and wiped out with a clean cotton stick to clean off non-migrated cells. Wells were placed upside down, and the membrane was cut with a razor blade and stained with hematoxylin and eosin (Sigma). The stained well was placed on a glass slide, fixed with xylene and Canada balsam (Sigma) and photographed at x40 and x100 magnification.
Purification of recombinant OPN expressed in CHO-K1 cells.
The OPN-a-or -c-producing cells were established by transfection of a pcDNA3.1(+) vector encoding each of the OPN isoforms into CHO-K1 cells. The protein-free medium (SFM4CHO; Thermo Scientific, Logan, UT) was used for the cell culture. For suspension culture, the CHO cells were adapted for two weeks. The adaptation was performed by shaking them in 125-ml flasks (Corning Inc., Corning, NY) at 110 rpm, in a humidified 5% CO 2 incubator at 37˚C. Batch cultures were conducted in a 2-liter bioreactor (Sartorius BBI, Goettingen, Germany). Exponentially growing cells in a 1-liter spinner flask were inoculated at 2x10 5 cells/ml into the bioreactor with a working volume of 2 liters. The agitation speed of the impeller was maintained at 100 rpm, and the culture temperature was controlled at 37±0.1˚C. The dissolved oxygen concentration was controlled at 50% of air saturation, and the culture pH was maintained at 7.2±0.05 by adding Na 2 CO 3 or CO 2 gas. After four days of culture, the supernatant was collected, centrifuged, and filtered by a microfiltration cartridge (0.22 μm, Corning Inc.). The OPN-a-or -ccontaining solution was applied to a Q Sepharose FF column (XK16/20, GE Healthcare, Uppsala, Sweden) equilibrated with 50 mM acetate buffer, pH 5.8. After washing with 0.2 M NaCl in equilibrium buffer, OPN proteins were eluted with 0.5 M NaCl in equilibrium buffer. Eluted proteins were pooled and then dialyzed against distilled water containing diluted phosphate-buffered saline (PBS). Proteins were lyophilized and dissolved in PBS. The concentration of protein was measured using the ELISA Kit (IBL).
Statistical analysis. Statistical comparison between two groups was carried out using the unpaired Student's t-test. Data were expressed as a mean ± SEM. All data were analyzed by statistical software (Excell, SigmaPlot™).
Results

Expression profile of OPN splice variants in HCC tissues and cell lines.
Osteopontin mRNA is alternatively spliced into three transcripts (10) (11) (12) . The full form of OPN protein, OPN-a, consists of a part of exon 2 and exons 3, 4, 5, 6 and 7.
Other splice variants, OPN-b and -c, lack the exon 5 (14 amino acids, position 59 to 72) or the exon 4 (27 amino acids, position 32 to 58), respectively (Fig. 1A) .
RT-PCR analysis revealed that OPN splice variants were differentially expressed in HCC cell lines with differential capacity of invasion or migration (14) . Thus, SK-Hep1, one type of highly migratory HCC cells, dominantly expressed OPN-a and -b transcripts with barely a detectable level of OPN-c (Fig. 1B) . In contrast, non-migratory cell lines, such as Hep3B and PLC/PRF/5 mainly expressed OPN-c. The HepG2 cell line, which was previously reported as nonmigratory (14) but recently has been known to be more adhesive, invasive, and migratory (15), dominantly expressed OPN-a and OPN-b (Fig. 1B) .
Migration ability of Hep3B, PLC/PRF/5 and SK-Hep1 cells was confirmed by a transwell migration assay (Fig. 1C) , and the order of migratory capacity was found to be SK-Hep1 > PLC/PRF/5 > Hep3B. The Hep3B cells, which was the least migratory and predominantly expressed OPN-c compared to OPN-a and -b, were used in subsequent migration assays.
We additionally analyzed the expression pattern of OPN splice variants in HCC tissues. Normal liver tissues expressed low levels of OPN-a and -b and similar but a slightly higher level of OPN-c (Fig. 1D) . In contrast, tumor tissues of HCC dominantly expressed OPN-a and -b but a considerably lower level of OPN-c. The non-transformed tissues isolated from the adjacent region of HCC exhibited an intermediate expression pattern between the normal liver and HCC tissues as if there was a linear gradient in the expression of different OPN splice variants in association with the progression of HCC (Fig. 1D) .
Differential migratory activities of extracellular OPN splice variants.
Since the function of OPN proteins is dependent on the proper post-translational modification, recombinant OPN-a and -c proteins were expressed in and purified from the mammalian system using CHO-K1 cells as previously described (16) . The transwell migration assay was performed by extracellularly providing purified recombinant OPN-a and OPN-c to SK-Hep1 ( Fig. 2A ) and Hep3B cells (Fig. 2B) . In pro-migratory SK-Hep1 cells, addition of OPN-c inhibited the migratory activities dose-dependently (p<0.05) (Fig. 2C) , while no significant effect was observed by OPN-a treatment (p>0.05) (Fig. 2C) . In non-migratory Hep3B cells, OPN-a protein increased cell migration at 10 μg/ml (p<0.05) (Fig. 2D) , but OPN-c treatment showed no significant effects (p>0.05) (Fig. 2D) .
Pro-migratory activity of OPN-a and OPN-b in Hep3B cells.
Different Hep3B cell lines each overexpressing a distinct OPN isoform were established, and the level of expression was identified by protein blotting (Fig. 3A) . To address the causal contribution of OPN isoforms to the migratory nature of HCC cell lines, a scratch wound assay was performed (Fig. 3B) . The expression of either OPN-a or -b increased the migration of Hep3B cells by 1.5-to 1.8-fold (p<0.01) (Fig. 3C) , while OPN-c expressing cells showed no significant difference when compared with the controls (p>0.01) (Fig. 3C) . Moreover, in transwell migration assays through the membrane coated with human fibronectin, Hep3B cells stably overexpressing either OPN-a or -b showed significantly higher migratory activities (p<0.01) (Fig. 3D) than the control but those overexpressing OPN-c showed no significant changes (Fig. 3D) (p>0.01) .
It is of interest to note that OPN-b was more potent in stimulating the migratory activity of Hep3B cells than OPN-a (1.8-fold, p<0.01) (Fig. 3D) . To our knowledge, this is the first report on the functional specificity of OPN-b. Consistently, transient expression of OPN isoforms caused similar effects on the migratory activities of Hep3B (OPN-b > OPN-a >> OPN-c, data not shown), comparable to the results from the stable cell lines.
OPN splice variants differentially modulate intracellular signaling pathways in Hep3B cells.
To examine the effects of OPN isoforms on the signaling pathways that are involved in cancer cell migration (8, 9) , conditioned medium collected from OPN-transfected Hep3B cells was tested for its effects on non-transfected control Hep3B cells (Fig. 4) .
The transcription of uPA, a key molecule known to regulate cell migration (8, 17) and the activation of ERK1/2, which is known to induce uPA in response to integrin signaling was examined (Fig. 4A and B) . The uPA level was significantly increased by expression of either OPN-a or -b (p<0.05) (Fig. 4C) , while it was weakly increased by OPN-c. The phosphorylation of ERK1/2 was significantly increased by OPN-a-or OPN-b-conditioned medium when compared with the control (Fig. 4D) (p<0.05) , but OPN-c-conditioned medium had no significant effects. These results suggest that OPN-a and -b are involved in the activation of integrin signaling as previously described (3) but that OPN-c cannot activate the pathway.
Efficient induction of anchorage-independent growth of Hep3B cells by OPN-c.
The anti-migratory function of OPN-c first demonstrated in this study seems to be in contrast with previous findings that OPN-c is highly potent in the anchorageindependent growth of breast cancer cells (12) . To exclude the effect from the usage of different cell lines, we examined the anchorage-independent growth in Hep3B cells (Fig. 5A) . A colony forming assay in soft agar showed that OPN-c was more effective in colony formation of Hep3B cells, as measured by the size of the colonies (p<0.01) (Fig. 5C ), but its effect on the number of colonies was not significantly higher than the others (p>0.05) (Fig. 5B) . These results suggest that OPN-c is functional in facilitating the anchorage-independent growth of HCC as previously described in breast cancer (12) and, at the same time, it is less effective than other OPN variants in the promotion of migratory activities. 
Discussion
OPN protein has been implicated as a candidate marker for metastatic HCC (18) , and it is transcribed into at least three splice variants (10, 11) . The present study demonstrated the differential expression of OPN splice variants in HCC tissues and cell lines and their possible role in the pathogenesis of HCC.
We used different HCC cell lines with different metastatic capacities to demonstrate the expression and function of OPN isoforms. For example, the SK-Hep1 cell line is highly migratory in a tissue culture condition, while Hep3B and PLC/PRF/5 cells are non-migratory in vitro and non-metastatic in vivo (14) . As previously described (2) and confirmed in our study, OPN-a and -b isoforms are highly expressed in HCC tissues. However, OPN-c expression is relatively lower in HCC tissues compared to normal liver (Fig. 1D) . In HCC cell lines, SK-Hep1 dominantly expressed OPN-a and -b, while Hep3B and PLC/PRF/5 mainly expressed OPN-c (Fig. 1B) . In addition, the differential expression of OPN isoforms could be functional since OPN-c-treated SK-Hep1 cells became less migratory, and the forced expression of either OPN-a or -b made the non-migratory Hep3B cells migratory (Figs. 2 and 3) .
Despite the novel anti-migratory role of OPN-c (Fig. 2) , this molecule plays a positive role in the anchorage-independent growth of Hep3B cells as well (Fig. 5) as previously described (12) . These two findings seem to be inconsistent considering that the anchorage-independent growth and the migratory activity of cancer cells function cooperatively to facilitate the metastasis of cancer (19, 20) . Cellular adhesion and the migration mechanism, however, can be independent from anchorage-independent growth (13, 21) . The present results suggest that these two mechanisms can be separated in vitro, and OPN-c can be a molecular marker delineating the two processes when the OPN gene plays a role in tumor metastasis (19, 20) .
Why is OPN-c less effective in facilitating the migration of Hep3B cells? This can be explained by the domain structure of OPN-c which lacks the exon 4. The exon 4 contains a specialized motif functioning in migration of lymphocytes (22, 23) . In addition, the exon 4 encodes a transglutaminase domain mediating the polymerization of OPN proteins (10, 11, 24) . The polymeric form of OPN is more effective than the monomer in enhancing cell adhesion, spreading, focal contact formation and migration in SW480 or HUVEC cell lines (25) although the role of polymerization of OPN in HCC cells remains to be studied. Furthermore, a proline-rich region in the exon 4 is known to regulate actin polymerization (26) which may contribute to the migratory activity of HCC cells.
Another unexpected finding is that OPN-b is more effective than OPN-a in supporting the migratory activity of Hep3B cells. Although OPN-b is known to be more vulnerable to proteasome-dependent degradation than OPN-a in breast cancer cells (27) , its role in HCC has been largely unknown. Considering the fact that OPN-b lacks the exon 5 that contains two serine phosphorylation sites (4) and is strongly pro-migratory (Fig. 3) , the phosphorylation at the exon 5-encoded region seems to play a negative role in migration.
Studies involving the missense mutation of the OPN-b protein at these phosphorylation sites in the exon 5 region may elucidate their role in migratory activity.
Multiple domain structures of OPN isoforms could result in differential post-translational modifications, adding to the complexity of OPN binding to target receptors. Supporting this idea, the pro-migratory OPN isoforms (OPN-a or OPN-b) led to the activation of the intergin signaling pathway, as measured by the activation of MAPK and the induction of uPA, to induce cell migration via re-organization of actin cytoskeletons (8, 17, 28, 29) , but the anti-migratory OPN-c had no effect on MAPK phosphorylation (Fig. 4) .
Based on previous studies and the present findings, the migratory activity of HCC cells highly depends on the expression of different OPN isoforms. Since the migratory activity of cancer cells has been associated with metastasis (30) , it is crucial to examine the contribution of different OPN isoforms in the development of HCC in vivo. Analysis of HCC patient tissues indicated that OPN splice variants are differentially expressed during HCC development (Fig. 1D) , and that the relative ratio of OPN-a and -b to OPN-c gradually increases as the tumor develops (data not shown). Since OPN-c antagonizes OPN-a and -b in the regulation of cell migration, these results imply that changes in the ratio between levels of OPN-a and -b to that of OPN-c might be an important factor contributing to the progression of HCC. Therefore, it is possible that the expression of OPN-a and -b may reflect the pro-migratory stage of HCC development, while the increase in OPN-c is associated with the nonmigratory and pro-survival stage. How the splicing of OPN is differentially regulated during HCC development also remains to be determined. Further studies on the mechanisms responsible for the alternative splicing and post-translational modification of OPN isoforms will lead to an understanding of the stage-specific typing of HCC.
